The conformation of Saccharomyces cerevisiae U3 snRNA (snR17A RNA) in solution was studied using enzymatic and chemical probes. In vitro synthesized and authentic snR17A RNAs have a similar conformation in solution. The S.cerevisiae U3 snRNA is folded in two distinct domains. The 5'-domain has a low degree of compactness; it is constituted of two stem-loop structures separated by a single-stranded segment, which has recently been proposed to basepair with the 5'-ETS of pre-ribosomal RNA. We demonstrate that, as previously proposed, the 5'-terminal region of U3 snRNA has a different structure in higher and lower eukaryotes and that this may be related to pre-rRNA 5'-ETS evolution. The S.cerevisiae U3 snRNA 3'-domain has a cruciform secondary structure and a compact conformation resulting from an higher order structure involving the single-stranded segments at the center of the cross and the bottom parts of helices. Compared to tRNA, where long range interactions take place between terminal loops, this represents another kind of tertiary folding of RNA molecules that will deserve further investigation, especially since the implicated single-strands have highly evolutionarily conserved primary structures that are involved in snRNP protein binding.
INTRODUCTION
Nuclei from all eukaryotic species contain a series of abundant and metabolically stable U snRNAs (1, 2) . Whereas the implication of nucleoplasmic Ul, U2, U4, U5 and U6 snRNAs in pre-messenger splicing has been experimentally demonstrated several years ago (3 for review), the expected role of the nucleolar U3 snRNA in pre-ribosomal RNA maturation has only been demonstrated recently (4) .
In mammalian cells, rRNA is transcribed as a 47S precursor (5) , which is subsequently cleaved in multiple steps to yield mature 18S, 5 .8S and 28S rRNA species. The processing sites are not restricted to the borders of the mature rRNAs; primary cleavages occur upstream or downstream of these sites (6 for review). In particular, a first very rapid event consists in the cleavage of a 5'-terminal fragment, whose length is comprised between 400 and 800 nucleotides depending on the mammalian species considered (7) (8) (9) .
Based on the observation that it was associated with the 28S-35S nucleolar RNA from deproteinized mammalian nucleolar extracts (1, 10) and with pre-ribosomal particles > 60S from cell extracts (11) , U3 snRNA was suggested to function in some aspects of the processing of the ribosomal RNA precursor and to base-pair with the pre-RNA. Nevertheless, no clear identification of the postulated base-pairing could be obtained, until recently (12) (13) (14) (15) (16) (17) (18) (19) (20) .
The primary rRNA processing reaction has been successfully reproduced in extracts of mouse cultured cells (7) . Abolition of the processing event when the cellular extract was depleted of U3 snRNA, by oligonucleotide-directed RNase H digestion, demonstrated an implication of U3 snRNA in the primary event (4) . This was in agreement with the results of in vivo crosslinking between U3 snRNA and pre-rRNA by a psoralen derivative. In human (15) and rat (16) cell cultures, and in yeast cells (20) , a crosslink between U3 snRNA and the pre-rRNA was observed in the vicinity of the first pre-rRNA cleavage site. This was also confirmed by a disruption of the U3 snRNA gene in the yeast Saccharomyces cerevisiae (21) .
A clear understanding of U3 snRNA function in the primary pre-rRNA maturation events required information on the U3 snRNA structure and on its evolution. The first model for the U3 snRNA secondary structure was proposed on the basis of common potential helical structures of rat and Dictyostelium discoideum U3 snRNAs (22, 23 ). An improved model was then proposed on the basis of an experimental study on the human U3 snRNA secondary structure that was performed on both naked RNA and RNA in a crude cell extract (24) . In this model (24) , the 64 nucleotide 5'-terminal segment is folded into a single helical structure (helix 1), whereas the 3'-domain of the molecule (nt 75 to 217) is folded into a Y-shaped structure containing 3 helical structures (24) . The biological significance of this Yshaped structure is strongly supported by its phylogenetic conservation (19, 25, 26) . In contrast, the 5'-terminal region of lower eukaryote and plant U3 snRNAs was proposed to have a secondary structure different from that of vertebrate U3 snRNAs: two short helical regions instead of a single, long one (26, 27) . This statement was based on a prediction given by computer RNA-folding program and no experimental proof was provided. In addition, the Saccharomyces cerevisiae U3 snRNA sequence used for the comparison was wrong. The sequence used was that of the gene, and we showed later, that in this yeast species the U3 snRNA coding sequence is interrupted by an intron (28) . Thus, the 14-nucleotide sequence previously considered to be at the 5'-end of the U3 snRNA is in fact an intronic sequence (28) . The U3 snRNA 5'-domain may play a key role in preribosomal RNA interaction. Indeed, for the in vivo U3 snRNA/pre-rRNA crosslinks obtained for various species, the U3 snRNA crosslinked residues were located in the 5'-domain adjacent to Box A (16, 20 The position of the 5'-nucleotide in the authentic snR17A RNA is indicated by a star.
possible in the case of tomato U3 snRNA (27) . An experimental study of these putative additional interactions was also of interest, since they concern two of the U3 snRNA segments, Box B and C, whose primary structure has been highly conserved throughout evolution (22) . Furthermore, Box C was recently shown to be essential for fibrillarin binding to U3 snRNA (29) . In the nucleolus, U3 snRNA does not act as a naked RNA but as an snRNP particle, which contains at least 6 proteins (24). One of them, the 34 kD fibrillarin (30) , is common to other nucleolar snRNPs (U8, U13, U14, X, Y) (31) . The three Boxes B, C and D were found to be protected against ribonuclease action in the U3 snRNP (24) and they are probably all interacting with proteins.
In this paper, we describe an experimental study of the S. cerevisiae U3 snRNA secondary structure. In addition to the above mentioned motivations for getting additional information on the U3 snRNA secondary structure, this study was of interest for two reasons: i) S.cerevisiae U3 snRNA contains an additional 71 nucleotide sequence, relative to all other U3 snRNAs sequenced (25) , that is inserted between the 3' and the 5' domains of the other U3 snRNAs. Two alternative structures were proposed for this additional segment (25) and an experimental study was necessary to choose among them. ii) It was important to get information on the structure of mature S. cerevisiae U3 snRNA in order to compare it with that of the intron-containing U3 pre-snRNA.
In order to achieve this study, the intron was deleted from the Construction of an intron-depleted snR17A gene The SalI site which delimites the coding region from its upstream non-coding sequence (28) was used for the construction ( Figure   lA ). The SalI-BamHI fragment from plasmid pFL1::snR17A (28) , which contained the coding region for RNA snR17A, was inserted in a SalI-BamHI cleaved Ml3mp9 bacteriophage. Two successive site-directed mutageneses were performed: i) the first one inserted a T7 promoter sequence at the 5'-end of the snR17A coding region ( Figure 1B) ; ii) the second one deleted the intronic sequence ( Figure IC mmn. At the end of the reaction, the same procedure was followed as for DMS modification.
Enzymatic cleavages
Two nucleases were used: Si Nuclease (Pharmacia) and Vi
RNase prepared from cobra Naja oxiana venom according to (33) The use of synthetic RNA for secondary structure studies is advantageous for two reasons: i) large scale production of pure RNA is possible; ii) mutant RNAs can be obtained by site-directed mutagenesis of their genes. On the other hand, synthetic RNAs produced by T7 RNA polymerase, generally display additional nucleotides at their 5' and/or 3'-ends and also differ from authentic RNAs by the absence of post-transcriptional modifications. In a first step, the structures of snR17A RNA produced in vitro and of authentic snRl7A RNA were compared. For this purpose, the intronic sequence of the snRl7A gene was deleted by site-directed mutagenesis ( Figure 1C) . To minimize the presence of additional nucleotides at the 5'-end of the synthetic RNA, the T7 RNA polymerase promoter was introduced, immediately upstream the snR17A coding region, by site-directed mutagenesis ( Figure IB) . The promoter sequence was chosen according to Chapman et al. (35) . Due to the GGG sequence requirement at the T7 RNA polymerase initiation site (35) , the presence of two additional guanosine residues at the 5'-end of the synthetic RNA could not be avoided. Obviously, the synthetic RNA was missing the 5'-cap structure that the authentic RNA contains. Cleavage of the template DNA with HpaI nuclease prior to RNA polymerization limited the additional residues at the RNA 3'-end to a single extra U residue (28 Figure 4 .
The snR17A 3'-domain (nucleotides 95-333) has the cruciform structure previously proposed (25) (Figure 3B ). Helical structures 3 and 5 are the counterparts of two of the helical structures of the vertebrate Y-shaped domain. It is difficult to know which of the two helices 2 and 4 corresponds to the third one. Our experiments allowed to define which of the two previously proposed structures for helix 4 (25) is present in the RNA. According to our previous (28) and present results, a guanine residue at position 194 was omitted in the previously published snR17A sequence (25) . As a consequence, compared to the previous model (25) , helix 4 contains two additional basepairs: a G C and a G U pair.
In solution, the 5'-terminal region of naked snRi7A RNA is folded into a two helical structure ( Figure 2B ), instead of a single helical structure as in vertebrate RNA. Helix lb fits perfectly with that previously proposed (26) . For the reasons mentioned above, only part of the previously proposed helix la was correct. In the revised helical structure la, Box A encompasses the top loop and part of the right strand of the stem, as was proposed for S.pombe, D.discoideum and tobacco U3 snRNAs (26, 27) . Surprisingly Box A has a different geometry in vertebrate RNAs; it encompasses the left strand of the stem and contains an internal loop (24) . It is also noticeable that, whereas helix la is rather well conserved in size, shape and sequence, among lower eukaryotes and plants, helix lb and especially its two bordering single-stranded sequences are quite variable. One explanation for the observation of poor conservation of the secondary structure of the 5'-terminal region of U3 snRNA could be that, in its functional state, it is base-paired to another RNA likely the prerRNA. A base-pairing with another small RNA species, as is the case for U4 and U6 snRNAs, can also be postulated, but no association between U3 snRNA and another small RNA species has been detected yet, whereas U3 snRNA/pre-rRNA complexes have already been observed. In light of this hypothesis, the low degree of nucleotide sequence conservation (except Box A) of the 5'-domain of U3 snRNA may be a consequence of the poor sequence conservation of the pre-rRNA 5'-ETS (36) . In the case of S. cerevisiae, strong evidence for a possible base-pairing between the 5'-terminal domain of snR17A RNA and the 5'-ETS of pre-rRNA was recently obtained from both crosslinking and genetic experiments (20, 21) . Interestingly, the snRl7A segment involved in the suggested intermolecular base-pairing (39-49) corresponds to the segment linking helix la to helix lb and a few nucleotides within these two helices (Figure 4) . Initiation of the intermolecular base-pairing may be favoured by the singlestranded state of segment 3949 in snRl7A RNA.
Deduced information on snR17A RNA tertiary structure In the conditions used for chemical modification of snRl7A RNA in its native conformation, most of the postulated single-stranded adenine residues were the target of DMS methylation. During prolonged incubation, incubation with higher amounts of DMS or incubation under semi-denaturing conditions, a few base-paired adenine residues were modified at low yield (Figures 2 and 3) . Under non-denaturing conditions, almost all bulged pynmidines and pyrimidines in terminal loops were reactive to chemical probes, but as a result of base-stacking or non-anonical basepairing interactions only a limited number of those in internal loops were modified. By using longer times for incubation or larger amounts of CMCT, new sites of modification appeared in the internal single-strands and, as previously reported (32) , uridine residues in stems with low stability were modified under semi-denaturing conditions (Figures 2 and 3) . Thus, information on RNA overall conformation could be obtained from an inspection of the pyrimidine reactivity and also from a study of the relative sensitivity of single-strands and double-strands to S1 and Vl nuclease, respectively.
In the 5'-terminal domain ( Figure 2B ), internal and terminal loops of helices la and lb are true loops without base-stacking or non-canonical interactions since almost all nucleotides are the target of both SI nuclease and chemical modifications. Singlestranded segments 42-46 and 90-95, although modified by chemical reagents, were not cleaved by S1 nuclease. They may be involved in some weak interactions in naked RNA which may be disrupted upon association of snRl7A RNA with snRNP proteins or with the pre-rRNA 5'-ETS.
The most SI nuclease-sensitive single-strand in the 3'-domain ( Figure 3B ) is the terminal loop of helix 4. It should be very accessible within the tertiary structure of the molecule and should have an open conformation. Terminal loops of helices 2 and 3, whereas highly susceptible to CMCT, are poorly digested by S1 nuclease. All putative internal loops of this domain were not cleaved or cleaved at low yield by SI nuclease. Base-stacking or non-canonical base-pairings probably occur in these loops (Figure 3) . In helix 4, the unreactive C140 and C171 on one hand, and the unreactive U141 and U170 (only modified in semidenaturing conditions) on the other hand, may form pyrimidine pairs. In helix 2, three pyrimidine pairs are predicted by the absence of chemical modification under non-denartuing conditions and by the presence of Vl RNase cleavages U204-U245, C206 -U243 and U217 U23 1. Interestingly, the two strands of helix 2, which have a discontinuous complementarity, form a rather continuous helical structure that is very sensitive to VI nuclease.
Based on the results of wild-type snR17A RNA analysis, it was difficult to conclude anything about possible interactions between the two single-stranded segments linking helix 5 to helix 4 and helix 2 to helix 3. These two segments contain Box B and C, respectively. Mutant snR17A genes deleted of either the helix 2 coding region or the helix 4 coding region or both had been constructed (37) (Figure 4) . The susceptibility towards chemical probes and nucleases of the in vitro transcripts of these mutant genes were studied in non-denaturing conditions ( Figure 5) .
In wild-type snRl7A RNA, only two phosphodiester bonds of the 251-262 fragment containing Box C ( Figure 3B ) were cleaved by S1 nuclease. The presence of 4 Vi RNase cleavage sites and the absence of reactivity of U 258, 260 and 261 to CMCT under non-denaturing conditions suggest the existence of a higher order structure. No enzymatic cleavage was observed in the 107-119 fragment containing Box B, but all adenine residues were methylated by DMS at low yield. Nothing could be said about U1 12 as a parasite band obscure the reverse transcriptase analysis at this position. In the short fragment linking helix 4 to helix 2, U196 and U197 were modified by CMCT and S1 nuclease cleaved bond 194-195.
When helix 2 was deleted (transcript Al) ( Figure 5A ), no significant variation of susceptibility to chemical or enzymatic probes were detected in helix 4 and helix 5. As expected, new S1 nuclease sites appeared in the 196-198 uridine stretch. We noticed the following changes in helix 3: a slight increase of VI RNase cleavages at bonds 264-265 and the appearance of VI RNase cleavages in the 303-306 segment. In the Box C segment, Si nuclease cleavages at bonds 254-255, 257-258 were reinforced and, instead of being cleaved by VI RNase, bonds 260-261 and 261-262 were cleaved by S1 nuclease. The V1 cleavage at bond 251-252 was conserved. The differences observed between wild-type RNA and Al transcript could be explained by the existence in the wild-type RNA of an interaction between helices 2 and 3 also involving the 3'-extremity of their linking fragment. The persistence of Vi RNase cleavage at bond 251-252 in the Al transcript was surprising. Indeed, this cleavage of the phosphodiester bond flanking helix 2 was very similar to cleavages found in tRNA (38) and Ul snRNA (39) , which have been interpreted as cleavages of stacked nucleotides bridging coaxial helices. The strong VI cleavage at bond 251-252 should therefore result either from internal interaction in the 251-262 fragment or from interaction of this fragment with sequences outside helix 2.
In transcript A2 ( Figure SB) , helix 4 was deleted and helix 2 was linked to the 107-121 segment by an inserted additional GC sequence. This sequence allowed formation of two additional base-pairs in helix 2 and as a consequence strong additional VI cleavages are observed. Interestingly, the VI RNase cleavages at bonds 258-259, 259-260, 260-261 disappear, as well as the S1 cleavage at bond 254-255. And the putative internal loop 2a becomes sensitive to SI nuclease. Therefore, here again deletion of one hairpin structure has an effect on the higher order structure of the segment containing Box C and on the bottom part of helix 2. Nucleotides 251 and 252 being involved in additional base-pairings of helix 2 may be the reason for the disappearance of the higher order structure in the segment containing Box C. This suggests that the VI cleavages at bonds 251-252, 258 -259 and 259-260 in wild-type RNA are related to a higher order structure involving nucleotides 251 to 261.
In transcript A3 (Figure SC) , where the sequence 108-250 was deleted, the segment 251-262 that now links helix 5 to helix 3 has a completely different structure, as evidence by the disappearance of VI cleavages and the appearance of SI cleavages at all bonds between residues 254 and 262. We also note the appearance of new VI cleavages in the 102-105 fragment.
Altogether, these deletion experiments demonstrate the existence in the 3'-domain of a complex conformation of the single-stranded segments joining helices and the bottom parts of these helices. As a consequence, the fragment containing Box C has a higher order structure that is altered by deletion of any of the helices. In contrast, the structures at the extremity of each helice are completely independent from each other. A short basepairing between the UCU sequence (258-260) of Box C and the AGA sequence (108-110) of Box B is compatible with our results. This would explain the VI cleavages in segment 258-260. However in the present state of the study, we have no absolute proof for it. The possibility to form a three basepair interaction, including a G * U pair, is conserved throughout evolution (24, 27) . It is extended to 5 base-pairs in tomato RNA, which may be to compensate for the very low stability of helix 3 in this RNA. Clearly, this possible base-pairing is not sufficient to account for the overall reactivity of segment 251-262 to chemical modification and nuclease digestion. Other higher order interactions not yet identified should exist and experiments are underway to get additional information.
Concluding remarks i) snR17A RNA extracted from yeast cells and in vitro synthesized snR17A RNA, were found to have similar structures, suggesting that post-transcriptional modifications have a limited influence on snR17A RNA structure.
ii) The 3'-domain of snR17A RNA has a cruciform shaped secondary structure, with a complex network of tertiary interactions in the central region, involving the bottom parts of helices and the single-strands linking them. The central role of nucleotides at the junction of helical domains, in determining the coaxial stacking interactions and tertiary structure of RNA, was already described in both tRNA (38) and 5S rRNA (40). It should be noticed that in U3 snRNA these single-stranded junction segments have a particularity compared to those in tRNA, 5S rRNA, and Ul snRNA: they are quite longer, they correspond to the most highly evolutionarily conserved segments of U3 snRNA, and they are probably interacting with the U3 snRNP proteins, especially the fibrillarin. Clearly among RNAs whose conformations have been studied in detail, the 3'-domain of U3 snRNA displays a different mode of tertiary folding that involves interactions between single-stranded segments linking helices but no long-range interactions between terminal loops.
iii) The 5'-terminal region of naked snR17A RNA has a twohelical structure that is different from that found in human U3 snRNA. The loose tertiary structure of the 5'-terminal region of U3 snRNA and the great variability of its length and secondary structure can be explained by a base-pairing with the preribosomal RNA. This is in accord with recent results obtained from crosslinking and genetic experiments (20, 21) .
